In atomic ~hvsics
In atomic physics the helium atom has been extensively studied in the last decades : it is one of the simplest existing atoms and the wavefunctions for a two electron particle are relatively well known [l] . Spectroscopic measurements of high accuracy, making use of optical pumping and magnetic resonance techniques, were performed on the ground state and the excited states of both helium-3 and helium 4 isotopes, providing a value for a, the fine structure constant [2j and several tests of Quantum Electrodynamics. This field was first revived by the use of single frequency tunable lasers and Doppler free spectroscopy methods. Enhanced precision is now expected from the newly developed techniques of cooling and trapping atoms using laser beams 3 . In this way a beam of metastable helium atoms was recently transverly cooled down to 2 pKe I vin [4] .
Atomic physics studies dealing with polarized helium atoms extend t o surface physics. Polarized metastable helium atoms incident on magnetized surfaces yield secondary electrons, the polarization of which probes the local density of occupied surface electronic states [5] . In the same way the relaxation rate of helium-3 atoms on a surface can be used to measure the adsorption energy of helium on various substances or study the formation of 3He-4 He films. Let us also mention that, as soon as they were discovered, the methods for spin polarizaring helium were applied t o measuring very small fluctuations of magnetic field of the earth, caused by winds in the magnetsphere, by geomagnetic activity or by man-made disturbances 161. The helium magnetometer has been adopted by the U.S. Navy two decades ago and its sensitivity and performances are expected to improve from the newly developed compact lasers which can optically pump helium [7] . Note that a magnetometer was launched in s ace in 1973 to probe the field of Jupiter and Saturn and it still returns data some 17 years later PS] .
In auantum statistics
The possibility of cooling polarized helium-3 atoms, either by optical or by conventional refrigeration techniques, opens up also new perspectives in quantum physics. When the atomic de Broglie wavelength becomes large compared t o the range of the interatomic potential, spectacular changes in the macroscopic behaviour of the helium-3 fluid occur as a consequence of the polarization of the nuclear spin, in spite of the smallness of the nuclear magnetic moment. These effects are subtle consequences of the indistinguishability of the particles and of the symmetrization principle in quantum mechanics [g] . One expects changes of the transport properties of the gas, such as the viscosity, the heat conduction or the spin diffusion, as a function of M, the degree of nuclear spin polarization, which can be treated as a new thermodynamical variable [10] . Similarly the phase diagram of helium-3 is expected to change with spin polarization a t very low temperature, the melting pressure decreases with M, the saturating vapour pressure increases, the critical temperature for superfluidity raises.
When the richness of the domain of quantum statistics dealing with polarized helium-3 atorns was first realised in the earlier eighties, our group at E.N.S. started a program for producing large values of the polarization M by optical pumping of the gas. We were thus induced t o build tunable infrared lasers at the appropriate wavelength (1.083 pm). Combined with cooling techniques for the polarized helium-3 gas, optical pumping allowed us t o show the existence of collective oscillatory modes, the transverse spin waves [Ill, to modify the heat conductivity of the gas [l21 and t o produce polarized helium-3 liquid, a fascinating new quantum fluid [13] .
In nuclear 2hvsics
Polarizing helium-3 nuclei is also of much concern for nuclear and high energy physics, as already realized seleral decades ago [14] . Actually the helium-3 nucleus can be considered as a good approximatior of a free neutron, from the point of view of nuclear targets. The reason is that the two protons are predominantly in a S-state, whereas the unpaired neutron carries 90 % of the spin of the nlcleus. Scattering electrons or protons from helium-3 nuclei should thus bring informations about refined details of the 3 body wavefunction of the nucleus, as well as about the magnetic and e ectric structure of the neutron, as pointed out by several speakers a t this conference [l51 and tlemonstrated by a recent experiment a t Bates [16] . The possibility of easily reversing or destroying the helium-3 polarization by NMR pulses gives much flexibility t o these experiments where esymmetries in scattering amplitudes are measured. Let us also mention the use of spin polarized helium-3 targets as spin filters for neutron beams. The method is based on the very spin dependent cross-section for the reaction :
where neutrons in a spin state opposite to that of the 3He targets are transiently absorbed t o a resonant state of the 4He nucleus with a hudge absorption cross-section of 3000 X Barns, where X is the neutron wavelength in A [ l i ] [18] . This technique should apply well t o very cold neutron beams of wavelength below 1 A, for which conventional polarization by reflection from magnetic crystals is rather unefiicient. This was illustrated by early experiments in Los Alamos [19] . This article first reviews the possible means of producing spin polarized helium-3 and discusses the various experiments now in progress to achieve large densities as well as large polarizations. The subject of spin polarized quantum fluid is briefly reviewed at the end.
I1 -HOW TO POLARIZE HELIUM-3 NUCLEI ?
Several methods can be used to obtain a significant nuclear polarization in gaseous or liquid helium-3. The simplest idea in principle is to use the so-called "brute force technique" where the fluid is submitted to a high magnetic field at low temperature. It is well suited for helium-3 in its condensed form. Alternatively one can operate the optical pumping techniques discovered by Kastler in 1954 [20] , which apply well to helium in its gaseous phase. We here compare the expected results.
11.1 Brute force methods a) Dilute phases of helium For gaseous helium-3 brute force techniques are not very efficient. In this case the nuclear polarization M increases monotonically with the ratio B/T (B is the magnetic field, T is the temperature). For instance at B = 10T, h1 reaches 0.8 % at T = 1 K and 4 % at 0.2 K. At lower temperatures the vapour density falls down to ridiculously low values. However let us mention another system which shows many similarities with helium-3 gas and is much easier to polarize by brute force : the solutions of helium-3 diluted in superfluid helium 4. At low enough temperature the helium-4 solvant behaves like "massive vacuum" showing no entropy, viscosity or heat conductivity. Diluted in it, the helium-3 atoms behave like an isolated gas of quasi-particles, provided their concentration is less than 6 % . This gas can be cooled to temperatures arbitrarily low. where a large amount of helium 4 nuclei is not a problem. They also provide a nice tool to study quantum Fermi gases below the degeneracy limit.
p) Dense phases of helium
For all the experiments where pure helium is required, one can think of applying brute force methods to the dense phases of helium-3. In the case of pure liquid helium-3 they are still less efficient than for the gas, because this liquid is a Fermi degenerate system of relatively low magnetic susceptibility below 0. It was thought initially that the method could only apply to very dilute media, first because of the optical thickness of the absorbing medium, second of the relaxation processes due to collisions of the oriented atoms with the walls of their container. The latter difficulty was partially overcome by the use of buffer gases, slowing down the diffusion of the pumped atoms to the walls, and by appropriate films coating the inside of the container. The method could thus be extended t o vapours of mercury, alcalies and many other atoms, with densities reaching 10'~crn-~, still limited by the absorption of the pumping light when densit.y increases.
p) the case of helium-3
When the nuclear orientation of helium-3 with optical pumping was discovered, it became clear that it was a very good case for obtaining relatively large densities of polarized gas. Two reasons to this. First the nuclear relaxation time T1 of helium-3 can be extremely long ; T1 values up to several days have been measured in the absence of field gradients ; the nucleus is very well shielded from the outside perturbation by the two electrons of the atomic close shell. Second helium-3 ground state atoms can be indirectly polarized through collisions with other atoms submitted to optical pumping, the density of which can be much lower than the density of the helium buffer. For instance it was discovered in 1960 that spin exchange collisions between pumped Rb and 3He lead to a slow build-up of nuclear polarization of helium 3 [26] .
At about the same time (1963) a group in Texas found another idea, making use of helium 3 atoms excited to the 23Sl metastable state by a weak discharge. These metastable atoms are optically pumped using light at X = 1.08 pm corresponding to the 23S1 -F P transition (see figure 1 ). This results in a nuclear polarization of the reservoir of helium 3 ground state atorns through the so-called metastability exchange collisions [27] .
Both methods were constantly improved in the last two decades and now benefit from the new generation of solid-state lasers. The spin exchange technique was pushed to impressive limits by groups in Princeton and Harvard. It allows high polarization at relatively large pressure of helium-3 gas, at the expense of time constants as long as several hours for reaching an equilibrium 19 .
Recently T. Chupp reported M values of order 60 % at a helium pressure of 3 atmospheres 1281. They were achieved by optical pumping of Rb atoms at density of 6 X 1014cm-3, using 3 W of continuous power a t 795 nm emitted by a Ti sapphire laser excited by a 20 W Ar+ laser. The pumping time is about 7 hours ; this requires a careful selection of the glass for the container, which should not relax the nuclear polarization of atoms colliding with the walls.
The polarization technique through optical pumping of helium metastable atoms gives about the same polarization values. It applies to much lower pressure but requires shorter time constants. The cell contains nothing but helium. Several ideas are currently being tried to increase the pressure. This method is described in more details in the next twusections.
I11 -OPTICAL PUMPING OF HELIUM THROUGH ITS METASTABLE STATE
The optical pumping is applied to 23Sl metastable atoms created by a discharge in the helium-3 gas. The density at which the pumping is efficient is set by the requirement of an homogeneous weak discharge in the gas and a long life time of the metastable atoms. This corresponds to number densities ranging from 3.10" to 3.10"~rn-~, the optimum being close to 3.1016cm-3. The density of the metastable atoms is of order 1010cm-3. Until recently the optical pumping was performed with discharge lamps, which did not allow nuclear polarization larger than 20 % [29]. Great improvement came from the design of powerful solid state lasers generating the desired wavelength X = 1.083 pm, corresponding to the 23S -23P transition on which the pumping process occurs (see figure 2).
111.1 Tunable lasers at 1.08 -p m The advantage of lasers over lamps for pumping helium metastable atoms is not only the larger power available but also their narrow band and tunability, which allows selecting pumping on only one componant of the fine and hyperfine structure of the PS-PP transition (usually the P S 1 ( F = 112) -23Po componant is chosen) (301. Colour center lasers using (Fz+)* center in KaF were first developed for this purpose. These lasers operate at liquid nitrogen temperature and require non trivial know-how for producing the crystals [31] . They were then replaced by neodymium lasers of the YAG type, which show several advantages : the crystals do not deteriorate in time and they can be excited not only by expensive gas lasers but also by diode lasers or by discharge lamps.
Several matrices doped with h'd3+ ions were successfully considered : LiNbOs - MgO [32] , YAIOB (also called YAP) [33] . Another possibility is LuA103 which exhibits an emission peak exactly centered at X = 1.08 pm [34] ; however this material is yet difficult to find.
Lamp pumped YAP lasers show many similarities with commercial YAG lasers. They can deliver up to 100 W at the peak of their gain curve, which does not quite coincide with the helium wavelength ; tuning them to X = 1.083 pm, on the side of their emission band, requires some skill ; 2 Watt of useful power can thus be produced [35] . LiNb03 lasers were only tried in excitation by Kr+ gas lasers ; the difficulty for obtaining long rods of this material, as well as its poor thermal properties, make it rather unattractive for lamp pumping and strong emission.
So far the most convenient material is LNA (Lal-, N d , MgAlI1Ol9) [36]. With a large doping level of Nd (15 % ) its main emission band peaks at about 1.08 pm and it can easil be tuned to 1.083 pm. The latest version of this laser in lamp pumping is shown in figure 3 [3if The optical resonator has been designed to take into account the thermal focusing problems due to the heating of the crystals by the lamps. The long LNA rods are now commercially available. They must be excited at moderate lamp power to avoid cracking the crystals, which exhibit relatively low and anisotropic heat conductivity. Operated we11 below the destruction threshold, they show no sign of deterioration after working for several years. The solid etalons in the cavity shown in figure 3 are used for tuning and restricting the emission bandwidth ; when tilted they introduce walk-off losses in the cavity and several ideas are currently tried to reduce them [38] . So far these lasers can deliver 3 Watt of continuously tunable power at X = 1.083 pm within a bandwidth of 2 Ghz.
There is some hope to further increase this output power by improving the crystal quality and eventually by turning to diode pumping of the rods, which would suppress the heating problems and increase the excitation efficiency. Alternatively, codoping LNA with Cr and Nd might be a possibility to better use the available power from the pumping lamps [39] and newly discovered laser materials are still to be tried.
Let us finally mention simple versions of these lasers, which can be operated at low coast for some applications where only moderate powers are required, such as probing the polarization or cooling and trapping atoms. Longitudinal pumping of a small LNA crystal by a diode array, can provide up to a 30 mW of useful single frequency power [7] [40] . Other possibilities could be the Nd doped fiber lasers, the integrated LiNb03 wave guide lasers or the semiconductor lasers operating at 1.083 pm.
Nuclear volarization of helium-3 gas
The optical pumping and detection schemes are shown in figure 2. The helium-3 gas is excited by a weak RF discharge which produces the metastable 23S atoms. The cell is immersed in a 4 magnetic field B. ; the value of B. is not critical and a field of a few Gauss is convenient. The only drastic requirement is the homogeneity of B0 : to avoid nuclear relaxation the field gradients must, in practice, be kept smaller than 1 mG/cm over the entire volume where the helium-3 atoms by comparison with NMR proton signals ; it is now believed to be accurate to better than 5 % Figure 4 shows the build-up of a polarization signal in a 100cm3 cell filled with 0.8 torr of pure helium-3 when irradiated with the laser of figure 3 . The mode structure of the lamp pumped LNA laser seems well adapted to pumping helium-3 atoms in the gas phase. Its width of 2 Ghz corresponds to the coexistence of several transverse as well a longitudinal modes of the laser. It approximatively matches the Doppler profile of the metastable helium atoms to be pumped. This means that the laser simultaneously excites several atomic velocity classes, the number of which is even increased by mirror M,shown in figure 2, which reflects the laser beam back into the cell.
The time constant required to reach the equilibrium for the nuclear polarization shortens with increasing laser power : with 1 Watt it takes only 5 secondes to reach M 72 % . Figure 5 shows the M values obtained as a function of the laser power at a pressure of 0.8 torr. The crosses are experimental results and they can be well fitted by calculations of the kinetics of the optical pumping process [30] . The theory takes into account not only the coupling between 23S and 23P atomic states due to absorption and emission of photons, but also the metastability exchange collisions between 23S and 23S states, which couple the nuclear orientation of the metastable atoms to the ground state atoms, while the electronic spin orientation of the metastable atom is unchanged by the collision process. The coupling between the populations of the metastable level and those of the ground state is thus non linear, except at very low polarization. Consequently, after a linear increase, the curve of figure 4 becomes sensitive to non linear effects which reduce its slope. Although an infinite laser intensity would lead to a value of M very close to 100 % , only M = 76 % could be obtained so far in pure helium-3.
Significantly higher values could be registered in mixtures of 3He and 4He, as shown by the squares in figure 5 . These are preliminary results obtained in our group by pumping the metastable atoms of helium-4 and relying on metastability exchange collisions between different isotopes to polarize the helium-3 nuclei. The laser is more efficiently absorbed by the cell when tuned to the Do line of helium-4 (see fig. 1 ) and it excites more velocity classes of the metastable atoms, as discussed in the article in preparation [44] . For instance, with 0.2 torr of helium-3 diluted in 0.6 torr of helium-4, a nuclear polarization M of 80 % was measured by NMR.
In pure helium-3 about the same values of M are found between 0.2 and 2 torr. At lower pressure the fast diffusion of the metastable atoms towards the walls of the container makes their lifetime too short for an efficient pumping. At high pressure other processes such as metastable ionization and 3 body collisions limit the density of the 23S atom, which does not increase linearly as a function of pressure. The proportion of pumped atoms becomes insufficient to achieve high M values.
INCREASING THE DENSITY OF OPTICALLY PUMPED HELIUM-3
For many applications, especially in nuclear and high energy physics, optical pumping of helium through its metastable state provides targets of too low densities, which imply prohibitive counting times. However such a target was first used in 1962, as soon as the method was invented, for an experiment in which a beam of a-particles was scattered from helium-3 nuclei 1451. Other similar experiments with protons were tried elsewhere [46] 1471 but the pressure of the target was obviously insufficient. In the early seventies a group in Toronto started a program to compress the polarized gas with a Toepler pump 1481. They reached a pressure of 1 atmosphere with a nuclear polarization of 3 % , limited by wall relaxation problems. Similar compression techniques, using a piston of liquid gallium were tried elsewhere with encouraging results [49] . Alternative methods to increase the density are cryogenics : cooling one part of the cell to low temperature is a way to concentrate the polarized gas, and eventually to liquefy it. A promissing attempt to this was made in 1967 by MC Adams who dynamically polarized liquid helium-3. A droplet with M of order 0.1 % was thus obtained 1501.
Both ideas have been recently reconsidered under the strong demand for good nuclear targets as well as the progress allowed by lasers. We now discuss the state of the art for these evoluting techniques.
IV.1 Com~ression of the ~olarized gas
In 1988 a group in Germany decided to study compression techniques for reaching high densities of polarized gas at room temperature. They started with a Toepler pump, following the example of reference [48] . The sketch of their set up is shown in figure 6 . It is an all-glass apparatus in which a mercury piston is actionned periodically to compress gas from the optically pumped cell (bottom part of figure 6) into the storage cell (top part of figure 6). The piston contains 2 liters of mercury moved by the pressure of an external inert gas reservoir, regulated by a set of electrovalves. It is linked to the storage cell by a small tube containing a mercury valve on top of a section of sinter glass. As soon as the pressure of the compressed helium-3 gas becomes equal to that of the valve, it opens and admits the gas in the storage volume ; then the valve closes. The mercury level is lowered while fresh helium-3 gas is optically pumped again. The time constant for a cycle is of order 1 minute. The storage cell is leaking through a capillary tube calibrated so that a convenient pressure equilibrium is reached in each part of the apparatus. Promissing results were recently obtained which will be soon published [51] . The pumping cell contains 1 liter of helium-3 gas a t a pressure of 1 torr polarized to 50 % by an LNA laser excited by an Ar+ laser and emitting 300 mW of power. After about l hour a polarization equilibrium is reached in the storage cell filled at a pressure of 1 bar. This polarization is monitored by NMR and evaluated to be of order 30 % . To account for the polarization loss in the compression cycle, several causes of relaxation have been identified so far, which will hopefully be suppressed in the new version of the experiment. Furthermore turning to a powerful lamp pumped laser should increase the initial polarization. Other compression pum S, both tight and non relaxing but avoiding the use of mercury, are currently being investigated b2].
IV.2 Crvorrenic methods
It is also possible to optically pump 3He at room temperature, as described in section 111, and to transport the nuclear polarization by spin diffusion to a region at low temperature. Actually this method was first developed by our group when we started to study the quantum statistical properties of spin polarized 3He in the 2K ran e (see section V). It was adapted to the requirements of an external nuclear target by roups in ealtech and MIT and recently used for an electron scattering experiment at Bates [ l a . a) Cooling the polarized gas The principle of the experiment, already described in reference [53] , is sketched in figure 7a which shows the set-up used in 1985 to observe spin waves in the cooled polarized gas fll]. The upper cell at room temperature sustains a discharge and is optically pumped by the laser beam. The lower cell is cooled by a liquid helium bath. The thermal shields and foam insulation are used to control the temperature gradients along the tube connecting the two cells. In its cold part the glass vessel is internaly coated with a film of solid hydrogen, which minimizes the nuclear spin relaxation of helium-3 atoms at the walls. Under the best conditions it is possible to transfer the spin polarization of the upper cell to the cold region without significant loss. This method has been adapted to the design of the nuclear target developed at Caltech (see figure 7b ) [54] . In that case the lower cell is made of copper attached by epoxy to the glass upper cell, which is pumped by a YAP laser. It is operated at 17 K and the cold part of the apparatus is coated internaly with solid nitrogen against wall relaxation. The polarization is evaluated to be of order 30 % in a helium-3 gas at a number density of 101scm-3.
p) Condensing polarized liquid
We mentioned in section II.l,B the possibility of producing polarized helium-3 liquid by fast decompression of solid magnetized by brute force methods. Similarly it is possible to obtain polarized liquid helium-3 by fast cooling of optically oriented gas [13] . The method is an extension of that described above for the gas, except that the temperature of the cryogenic bath is lower, of order 400 mK, and thus requires the use of a helium-3 refrigerator. Highly polarized liquid in equilibrium with the pumped gas is not easily obtainable, because the intrinsic relaxation time Tl, of a few minutes in the liquid phase, is too short. The method described in reference [l31 is to first maintain the temperature of the lower bath above liquefaction, between 1 and 2K, so as to reach an equilibrium for the spin polarization, and then to quickly lower the temperature of the pumped helium-3 bath to condensate the cold gas. It was shown that one thus obtains a thick film nucleated on the cell walls, the polarization of which can initially reach 50 % , before it decays through intrinsic relaxation in 4 to 5 minutes. Similar experiments had already been performed in 1967 [50] . Figure 8 shows an example of the free induction decay signals recorded after liquefaction : two different frequencies are present. The quickly decaying one is unambiguously attributed to the liquid phase. The origin of the shift is nothing but the strong demagnetizing field created by the liquid itself. The value of the shift gives an absolute calibration of the liquid polarization (roughly I kHz corresponds to M 30 % ).
This method provides small samples of polarized liquid (a fraction of a cubic millimeter) because of intrinsic limitations which have their source in the intensity of the pumping laser. On the other hand the nuclear polarization is probably homogeneous, which is not always the case in the fast melting method. Such samples are well suited to study the quantum properties of the liquid-gas equilibrium curves, for which interesting predictions have been made on the quantum dependence of the saturating vapour pressure upon magnetization [55]. Experiments along these lines are in progress. They are expected to bring quantitative informations on this Fermi liquid, such as its binding energy per particle.
IV.3 Pers~ectives for nuclear targets
The dense phases of helium-3 would make ideal targets if they could be polarized efficiently and in continuous operation. These requirements are indeed fulfilled for solid helium-3, but the experimental conditions are difficult : very low temperature (in the mK range) and high magnetic field (several Tesla). In particular for experiments in which charged particles will be scattered from the target, the presence of a large field might cause unwanted deviation of the beam ; in addition the heat deposited by the beam in the target would prevent operation of the cryostat at such low temperature. Polarized liquid helium-3 is also very appealing for a nuclear target. However the two methods described above are "one shot" ; they do not provide a steady sample, and the polarization dies away in a time much too short for most nuclear physics experiments. Yet let us mention that the technique of condensing the optically polarized gas was never thought of with a target goal in mind. Some ideas could be tried, such as the dilution of 3He in 4Ee and a more appropriate design of the double cell geometry. Experiments of that sort are under construction in our group for the study of the transport and equilibrium properties of highly polarized and concentrated solutions of 3He in superfluid 4He.
So far only gaseous helium-3 targets have been built. The densities obtained by the spin exchange method are already quite large and do not require further enhancement. The record was recently obtained at 'lkiumph, where a target of density close to 1020cm-3 was polarized up t o 65 % and used in a proton scattering experiment [56) All glass double cell versions of these targets have been designed for electron scattering experiments, where Rb atoms are confined by temperature gradient out of the region crossed by the beam [57]. The spin exchange technique seems also very adequate for neutron spin filters and should be chosen for thentroisikme soufflen generation of experiments with polarized epithermal neutrons at ILL [58] .
The optical pumping of pure helium-3 provides clean samples, the pressure of which has to be increased for external targets. The mechanical compression of the gas is a method which has already proved to work and should be now developed and eventually simplified by avoiding the use of mercury as a piston. The cryogenic method has produced a target already used in a successful experiment ; some further progress could still be made, for instance by operating at liquid helium temperature in stead of 17 K, which would substantially increase the helium-3 gas density.
As for the future internal targets to be adapted to storage rings, several proposals have been made based on leaking cells with flowing gas optically polarized by one or another method. The orders of magnitude are discussed in reference [l41 and iri recent proposals. The reachable densities seem t o be ultimatly limited by the available laser power in both cases, which do not allow polarizing more than 101%toms per second so far.
V -HEAT CONDUCTIVITY OF SPIN POLARIZED GASEOUS HELIUM-3
As already mentionned in section 1.2, even if it is dilute and non-degenerate, spin polarized gaseous helium-3 exhibits interesting properties related to quantum statistics, enhanced if the temperature is low enough. Colliding particles in the same spin state are indistinguishable and proper syrnrnetrization of the wave functions lead to an effective scattering cross section which depenas on the spin polarization. Figure 9 illustrates this idea. It pictures a head-on collision between two helium-3 atoms, represented by their associated wave packets. If these two fermions are in the same spin state, an interefence pattern builds up when the wave packets overlap. There is a dark fringe a t the center, called the "exchange hole", of order AD, the de Broglie wavelength. On the other hand if the two particles are distinghishable by their spin state, no interference takes place. There is an analogy between the phenomenon shown in figure 9 and interferences obtained with polarized light in optics. Suppose that two laser beams, cicularly polarized and originating from the same source, overlap on a screen. It they both carry right handed polarization fringes are observed, whereas if one is right and the other left handed, no fringes are visible.
Let us further discuss the collision between two atoms shown in figure 9 . If the temperature is low enough for the exchange hole to be larger than the range of the interatomic potential, the interaction between the two atoms is inhibited. Thus for an ensemble of particles contained in a vessel the mean free path is changed by the polarization, as well as the transport properties of the gas.
We designed an experiment to measure the changes of the heat conductivity of gaseous helium-3 with polarization M. It was carried in the temperature range 1.3 -4.2K, where AD is of order 5 to 10 A, which is larger than the range of the helium-helium potential of typically 3A. This experiment is described in some detail in reference [12] . Basically the set-up is similar to that of figure 7a. The low part of the cell is a cylinder, the upper plate of which is kept at low temperature by a pumped helium-4 bath, as shown in figure 10 . The outside of the cell is surrounded by a good vacuum.
The bottom plate of that cell can be heated up with an electrical power Q. Thus a temperature difference Tz -T1 appears between the upper and bottom plates, which is measured by sensors RI and R2 of figure 10. If one ignores the heat propagation through the cell walls, the thermal impedance of the gas is given by :
where S is the area of the horizontal plates and t their spacing. K is the heat conduction coefficient of the gas, to be measured as a function of M, the gas polarization monitored by the NMR pick-up coils shown in figure 10 .
hferences [l01 and [59] predict a dependence of the form :
where €1 and E2 are coefficients calculated from collisional integral using a phase shift expansion.
This equation reduces within a good approximation to :
for values of M below 30 % , which was always the case in practice.
Experimentally we have observed that, for a given value of Q and a fixed temperature T1 of the cryogenic bath, temperature Tz varies significantly with M, reflecting the changes of K(M) with M. The quadratic dependence of K(M) with M was checked and in figure l1 are plotted the measured values of [K(M) -X(0)]/M2. The scatter in the data points gives an idea of the experimental error, the main cause of which comes from the estimation of the change of the temperature difference T2 -T1 when M is destroyed. It is of the order of 15 % above 2.2K, but only 5 % below the superfluid transition, due to the better temperature stability. Figure 11 also shows the results of the recent calcutations of reference 1591. Slightly different predictions are made above 2K, according to the number of terms in the Sonine expansion used as a trial function in the calculation of K. The scatter of the data in that temperature region does not allow to reliably discriminate between the two curves of figure 11 . Altogether the quantitative agreement between the experimental results and theory is good, especially below 2K. 
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[55] S: STRI~GARI, M. BARRANCO Fig-are 9 : Kavepackets associated with two helium-3 atoms undergoing a collision. During the collision they overlap. If the atoms are in the same spin state, the density of the wavefunction oscillates, whereas no interference occur if they are in opposite spin states. Pi care 10 : Bcttci part ef the cell tsed to Ktr;:t heat conductivity cf Pclari=ed heli-.a=-2. The bet-.os jlste is heated electrically. Se-scrs R1 ar.d R. neasure -.he temperatures cf the end plates c£ the cylinder filled vi-_h heliui-j. 1,-s ceils nctitcr the scir. pclaritaticr..
